OBJECTIVES: Upper mediastinal lymph node dissection (LND)-especially along the recurrent laryngeal nerve (RN)-is the most challenging part of oesophageal cancer surgery. We investigated whether thoracoscopic RN LND may be safely performed in patients with oesophageal cancer who had undergone chemoradiotherapy (CRT).
INTRODUCTION
Lymph node metastases are common in patients with oesophageal cancer [1] . In particular, patients with oesophageal squamous cell carcinoma frequently presented with show metastatic spread to upper mediastinum nodes-especially along the bilateral recurrent laryngeal nerve (RN) [1] [2] [3] . The reported rates of lymph node metastases over the left-and right-side RN are as high as 15% and 30%, respectively [2, 3] . Based on the Japanese Nationwide Database, the RN nodal stations are those characterized by the highest efficacy index (calculated by multiplying the incidence of metastases to any given station with the 5-year survival rate of patients presented with metastases to that specific station) after removal [3] . However, RN lymph node dissection (LND)-particularly along the left side-is not yet considered as the standard of care mainly because of significant technical challenges that portend a significant risk of morbidity. Accordingly, high rates of RN palsy (unilaterally 10-60%; bilaterally 2-33%) have been reported in the literature [4] [5] [6] [7] . The occurrence of RN palsy can in turn result in major postoperative complications (e.g. aspiration pneumonia) and even in postoperative mortality (especially when bilateral palsy occurs) [8, 9] .
The implementation of RN LND in patients who had undergone chemoradiotherapy (CRT) is even more technically demanding. Accordingly, radiation therapy-induced fibrosis may obscure mediastinal microanatomy, ultimately making RN LND hazardous to the point that some surgeons consider prior radiation therapy as a relative contraindication to RN LND [10] . Theoretically, an extensive RN LND may be performed under the magnified view of a high-resolution thoracoscope using advanced endoscopes and instruments with multiple degrees of freedom. Unfortunately, published data on the safety of RN nodal dissection in patients with oesophageal cancer who had undergone CRT remain scarce. After the adoption of thoracoscopic oesophagectomy as of 2007, our surgical team has started including the bilateral RN area into its routine LND procedure in 2010. Initially, this approach was limited to patients who did not undergo CRT but-as of 2012-it was extended to all patients, regardless of previous CRT.
In this retrospective study, we examined the feasibility and safety of thoracoscopic RN LND in patients with oesophageal cancer who had been previously treated with CRT. The study period spanned through 3 years, and all of the procedures were performed by a single surgeon. The study patients were divided into 2 groups according to previous treatment with CRT or not [the CRT group vs the upfront surgery (US) group, respectively]. Intergroup comparisons were made in terms of (i) the number of dissected nodes, (ii) rates of RN palsy and (iii) rates of perioperative complications.
MATERIALS AND METHODS

Patients
The ethical approval for this retrospective analysis was granted by the local institutional review board. The study sample consisted of consecutive patients with oesophageal cancer who had undergone thoracoscopic oesophagectomy and RN LND between January 2013 and May 2016. All operations were performed by a single surgeon (Y.-K.C.). Patients were divided into 2 groups according to prior use of CRT or not (the CRT group vs the US group, respectively). Pretreatment staging was based on the results of chest and abdomen computed tomography (CT) scans, positron emission tomography (PET) imaging and endoscopic ultrasound. Patients were staged according to the American Joint Committee on Cancer (AJCC) staging criteria, 7th edition (2010). The severity of comorbidities was determined using the Charlson comorbidity index. The total score ranges from 0 to 37, with a score of 0 indicating the absence of comorbidities.
Indications for chemoradiotherapy
It is our institutional policy to offer CRT before surgery to all patients who are clinically staged as T2N0M0 or higher. CRT consisted of either a combination of cisplatin plus 5-fluorouracil or carboplatin plus paclitaxel administered with concurrent radiation therapy (dose 41.4-45 Gy). Patients underwent surgery at 6-8 weeks after completion of CRT. The standard surgical approach consisted of thoracoscopic oesophagectomy followed by the creation of a gastric tube (through either laparotomy or laparoscopy) and a cervical oesophagogastric anastomosis via left neck incision. A 2-field LND (which included the lower mediastinal/upper abdominal and bilateral RN lymph nodes) was performed in all patients [11] . We limited the use of neck LND only in patients who had an evidence of nodal involvement on preoperative CT or positron emission tomography imaging. Patients were in the intensive care unit for at least 1 night after surgery and subsequently transferred to their appropriate ward. Jejunostomy tube feeding was started 24 h after surgery. We performed a leak test on the 7th postoperative day.
Thoracic procedure with the patient lying in the semiprone position
The thoracoscopic procedure used in our centre has been previously described in detail [12] . In brief, the patient was placed in the left semiprone position while undergoing a single-lung ventilation (Fig. 1A) . We created an artificial pneumothorax through CO 2 insufflation (pressure 6-8 mmHg) and then positioned a total of 4 trocars (Fig. 1B) . After incision of the mediastinal pleura, the layer between the thoracic duct and the oesophagus was dissected to ensure the maximum mobilization of the posterior part of the oesophagus. The mediastinal pleura was then incised along the course of the right vagus nerve until the lower margin of the subclavian artery with the goal of identifying the right RN. Left RN LND commenced with the exposure of the cartilage portion of the trachea. The oesophagus was then retracted towards the dorsal side either by surgeon's left hand or a loop; meanwhile, the trachea was pushed aside by an assistant to optimize the operative exposure. The soft tissue between the left side trachea and the oesophagus (which included both lymph nodes and the left RN) was thoroughly dissected (Fig. 2) . A careful skeletonization of the left RN was subsequently performed to achieve a complete lymphadenectomy.
Definitions of outcomes
The system proposed by the Esophagectomy Complications Consensus Group was used to define perioperative complications [13] . In patients with hoarseness or voice modifications that occurred after surgery, an otolaryngologist assessed vocal cord function using a flexible laryngoscope. Thirty-day mortality and 90-day mortality were defined as any death occurring within 30 or 90 days, respectively, after the date of surgery. Deaths occurring at any time during the postoperative hospital stay were used to calculate in-hospital mortality. Thirty-day readmission was defined as any in-patient admission to our institution within 30 days of discharge from the postoperative stay.
Post-therapy surveillance
Patients were scheduled for chest X-ray every 3 months and for CT every 6 months postoperatively. Survival was assessed every 6 months through contact with the patient's physicians or a review of medical records. In case of missing information, data were retrieved from the National Cancer Registry Database of Taiwan.
Statistical analysis
Continuous data are expressed as both medians and interquartile ranges and means and standard deviations. Skewed variables were compared with the Mann-Whitney U-test, whereas normally distributed data were analysed with the Student's t-test. Categorical data were compared with the v 2 test or the Fisher's exact test (for small sample sizes). Cumulative sum (CUSUM) analysis was used to chart the occurrence of RN palsy, the major complication following an extensive RN LND [14] [15] [16] . The definition of acceptable and unacceptable failure rates is a key prerequisite to construct a CUSUM chart. Based on the published literature, the RN palsy rates after extensive RN LND are approximately 10-58.4% for the left side and 5-10% for the right side [4] [5] [6] . However, these data are referring to CRT naïve patients. We reasoned that such rates in CRT-treated patients would be either similar or slightly higher. Therefore, we set palsy rates of 15% and 50% (for the left side) and 5% and 10% (for the right side) as acceptable and unacceptable, respectively. The probabilities of Type I (a) and Type II (b) error were set at 0.05 and 0.20, respectively. A positive trend of the CUSUM curve indicates failure, whereas a negative trend is suggestive of successful procedures. When the line crossed the upper decision limit while ascending, the actual palsy rate was equal to the unacceptable value (with a Type I error probability of 0.05). When the line crossed the lower decision limit while descending, the actual palsy rate did not differ from the acceptable recurrence rate (with a Type II error probability of 0.20). All calculations were performed using SAS, version 9.3 (SAS Institute Inc., Cary, NC, USA) and SPSS, version 22.0 (IBM Corp., Armonk, NY, USA). Twotailed P-values <0.05 were considered statistically significant.
RESULTS
Patient characteristics
Between January 2013 and May 2016, we identified 103 patients with oesophageal cancer patients who had undergone thoracoscopic oesophagectomy and bilateral RN LND. Of them, 65 received CRT before surgery (the CRT group), whereas 38 did not (the US group). Table 1 summarizes the demographic and clinical characteristics of the study patients. Squamous cell carcinoma was the most common histological subtype. The 2 study groups did not differ significantly in terms of age, sex, histological subtype, and tumour location. An advanced clinical stage at diagnosis was more common for patients in the CRT group. Table 2 shows the main data related to surgical quality. No conversion to open thoracotomy was required in either group. There were no significant inter-group differences in terms of thoracic operating time, intraoperative blood loss and the need for blood transfusions. As far as RN LND feasibility is concerned, the ability to achieve a complete LND (i.e. nerve skeletonization) and the number of dissected nodes were significantly lower over the left side in the CRT group; however, such differences were not evident for the right side. Complete skeletonization of the left RN was achieved only in 66.2% of patients in the CRT group, a percentage significantly lower than that obtained in the US group (86.8%; P = 0.022). Table 3 depicts the perioperative course observed in the 2 study groups. As far as morbidity after RN LND is concerned, a total of 23 patients experienced RN palsy. Of them, 20 and 3 cases had left-sided and right-sided lesions, respectively. No patients had bilateral RN palsy. The rate of postoperative RN palsy in the left side was significantly higher in the CRT group than in the US group (26.6% vs 7.9%, respectively, P = 0.022); however, no significant inter-group differences were observed in terms of right-side RN palsy rates. Despite a significantly higher left RN palsy rate in the CRT group, no significant differences were observed between the 2 groups with regard to pulmonary complications, anastomotic leaks, 30-day mortality/90-day mortality, and 30-day readmission rates. With regard to 90-day mortality in the CRT group, we registered a total of 3 cases. Of them, 2 died because of pulmonary complications while the patients were still hospitalized after surgery. Consequently, these 2 patients were also considered as cases of in-hospital mortality. The remaining patient died at 58 days after surgery because of brain haemorrhage caused by tumour metastases.
Surgical quality and perioperative outcomes
As far as pathology results are concerned, 9 (13.8%) patients in the CRT group showed nodal involvement in the RLN area. The positive rates over the right and left RN were 10.8% and 4.6%, respectively. Notably, 1 patient had bilateral RN metastases. Seven (18.4%) patients in the US group had RLN metastases. The positive rates over the right and left RN were 15.8% and 7.9%, respectively. Of note, bilateral RN metastases were observed in 2 cases.
Learning curve of recurrent laryngeal nerve lymph node dissection after chemoradiotherapy
Because the rates of right RN palsy (in both groups) and left RN palsy (in the US group) were low, we specifically focused on the learning curves of left RN LND in the CRT group-which was characterized by the highest palsy rate. For this reason, only the learning curves for complete RN LND in the subgroup of 43 patients in which this procedure was successfully completed were presented. Although the CUSUM curve never breached the unacceptable threshold (50% palsy) throughout the study, we were also unable to observe a point at which the line descended to the boundary set as acceptable (i.e. 15% palsy; Fig. 3 ). 
DISCUSSION
To our knowledge, this is the first study to specifically investigate the feasibility, safety and learning curve of thoracoscopic RN LND in patients with oesophageal cancer who had undergone CRT. Our data indicate that RN LND is feasible even after CRT, although the technical challenges to be faced are greater than in the CRT-naïve patients. Despite the RN palsy rate being 3.4-fold greater in the CRT group than in the US group (7.9% vs 26.6%, respectively), such higher occurrence did not result in increased rates of pneumonia and/or death. Such positive results are likely due to (i) prompt diagnosis and aggressive clinical management of RN palsy and (ii) the absence of bilateral palsy (0%). All our patients underwent a vocal cord assessment by an otolaryngologist even in the presence of small and/or subtle voice modifications. In cases showing unilateral palsy and a wide glottal gap, intracordal hyaluronic acid injections were performed as early as possible (in general within 3 months) to reduce the likelihood of subsequent choking and aspiration pneumonia [17, 18] . Despite such recent therapeutic advances, unilateral RN palsy remains a significant source of morbidity and impaired quality of life. More remarkably, major efforts should be made to avoid bilateral RN palsy-a devastating complication for which no effective treatment exists [19] . In an era during which preoperative CRT is becoming the standard of care, the prevention of nerve injury during surgery is of utmost importance. Complete left RN LND requires a thorough removal of soft tissues and lymph nodes located along the nerve course (i.e. from the aortic arch level to the inferior thyroid artery). Because of the limited exposure of the left paratracheal space, the dissection of nodes located ventrally to the left RN generally represents the most challenging part of the surgical procedure. Two main options have been proposed to increase surgical exposure, including (i) the suspension of the oesophagus with loops of umbilical tapes (with the goal of maximizing the exposure of the left RN) and (ii) the replacement of a double-lumen tube with a singlelumen tube (either with or without a blocker) coupled with CO 2 insufflation (with the goal of reducing the tracheal rigidity) [20, 21] . Previous studies conducted in the CRT-naïve patients by experienced surgeons supported the utility of these manoeuvres to reduce both RN palsy and deaths [20, 21] . In accordance with previous reports, the implementation of these surgical options allowed us to obtain low rates of left RN nerve palsy (7.9%) and mortality (0%) in our US patients [22] . However, left RN LND remains generally difficult to be achieved in patients who had undergone CRT-even when repeatedly performed by the same surgeon. As shown in Table 2 , CRT-induced mediastinal fibrosis hampered a successful RN identification in approximately onethird of patients who had been treated with this approach (when compared with 10% only in the US group). When the nerve is not clearly identifiable, contusions, excessive stretching and thermal injury that may occur during surgical manipulation can ultimately result in nervous damage. This offers a compelling explanation for the RN palsy rate being higher in the CRT group than in the US group. Another important observation from our The cumulative sum chart for the left recurrent laryngeal nerve (RN) lymph node dissection in patients who had undergone chemoradiotherapy. Only patients who received a complete left RN lymph node dissection (n = 43) were included. A positive trend of the cumulative sum curve indicates failure, whereas a negative trend is suggestive of successful procedures. An RN palsy rate of 15% was deemed as acceptable, whereas a 50% rate was regarded as unacceptable. When the learning curve reached the boundary for acceptability (while descending) or unacceptability (while ascending), the surgical proficiency of the preceding series was classified as acceptable or unacceptable, respectively. study is that RN LND is characterized by a steep learning curve (as shown by the CUSUM analysis), which suggests that an adequate proficiency was not achieved even after treatment of 65 cases. There are at least 3 strategies that may be helpful to reduce the occurrence of RN palsy. First, left RN LND can be selectively applied only to patients at high risk of having left ypN-RN disease (while invariably maintaining a radical approach for right RN LND). It should be noted that the clinical utility of extensive LND after CRT remains highly controversial-especially for ycNnegative patients [23] . We have previously shown that the pre-CRT cN-RN status is the most important predictor for positive ypN-RN [24] . Notably, routine RN nodal dissection still yielded positive results [ypN-RN(+)] in 30.8% of patients with cN-RN(+) who were judged to be ycN-RN(-) following CRT. Conversely, RN LND resulted in a low (10%) positive LN discovery rate in the subgroup of patients who did not have radiological evidence of RN LN involvement prior to CRT [24] . We speculate that RN LND might be omitted in this specific subgroup, especially when potential surgical risks are expected to outweigh clinical benefits. Second, we recommend a careful monitoring of RN function during left RN LND. This approach may reduce the incidence of nerve injury and has been shown to be clinically useful in other surgical procedures (e.g. thyroid operation) [25, 26] . However, data in the field of oesophageal cancer surgery are controversial. Zhong et al. [27] have previously shown that RN monitoring during oesophagectomy results in (i) a higher number of harvested positive mediastinal lymph nodes and (ii) a lower incidence of postoperative RN paralysis and pneumonia (when compared with patients who did not undergo nerve monitoring). However, other reports failed to confirm such a protective effect [5] . Recently, promising results have been obtained by replacing classical intermittent monitoring with continuous intraoperative nerve monitoring. Continuous intraoperative nerve monitoring may allow detecting an impending RN injury in an earlier phase when compared with traditional intermittent monitoring. Consequently, a surgical manoeuvre that causes stretching or pressure on the RN may be promptly interrupted, resulting in a superior nerve function preservation [28] . Third, the use of EndoWrist instruments may be clinically useful during fine dissections, ultimately reducing the risk of RN palsy. There is ample evidence that robotic surgical systems incorporating 3-dimensional stereoscopic vision and arms with wrist-like joints can allow obtaining meticulous dissections in limited anatomical space. In addition, they may be helpful to reduce the steep learning curve typically associated with conventional laparoscopic surgery (e.g. as encountered for radical prostatectomy). We hypothesize that similar trends may exist for interventions performed in the narrow left paratracheal space, although further investigations are required to support this possibility.
Limitations
Some limitations of our study merit comment. First, our study design was retrospective, and the sample size was small, ultimately resulting in a reduced statistical power. Second, generalization from this study should be made with caution, as data were based on a single-centre experience obtained by a single surgeon. In this context, randomized longitudinal studies are warranted to confirm and expand our findings.
CONCLUSION
Thoracoscopic RN LND is safe but poses significant challenges in patients with oesophageal cancer who had undergone CRT. A significant learning curve exists for finalizing this procedure in a complication-free manner.
